S pontaneouS subarachnoid hemorrhage (SAH) is caused primarily by the rupture of aneurysms on cerebral arteries, allowing the entry of blood into the subarachnoid space. Although it accounts for only 5% of all strokes, it has a mortality rate of 35%. 10 Importantly, SAH affects younger individuals relative to ischemic stroke (mean 52 vs 70-80 years of age), contributing to high societal costs. 28 Patients who survive are often burdened by neurological, cognitive, and functional impairment. OBJECTIVE Subarachnoid hemorrhage (SAH) is treated with either surgical clipping or endovascular coiling, though the latter is the preferred treatment method given its more favorable functional outcomes. However, neuropsychological functioning after treatment is rarely taken into account. In this meta-analysis, the authors synthesized relevant data from the literature and compared neuropsychological functioning in patients after coiling and clipping of SAH. They hypothesized that the coiled patients would outperform the clipped patients; that group differences would be greater with higher posterior circulation rupture rates, in older patients, and in more recent publications; that group differences would be smaller with greater rates of middle cerebral artery (MCA) rupture; and that anterior communicating artery (ACoA) rupture rates would not influence effect sizes. METHODS The MEDLINE, Embase, and PsycINFO databases were searched for clinical studies that compared neuropsychological functioning after either endovascular coiling or surgical clipping for SAH. Hedge's g and 95% confidence intervals were calculated using random effects models. Patients who had undergone coiling or clipping were compared on test performance in 8 neuropsychological domains: executive functions, language, attention/processing speed, verbal memory, visual memory, spatial memory, visuospatial functions, and intelligence. Patients were also compared with healthy controls, and meta-regressions were used to explore the relation between effect sizes and publication year, delay between treatment and neuropsychological testing, mean patient age, and rates of posterior circulation, ACoA, and MCA ruptures. RESULTS Thirteen studies with 396 clipped cases, 314 coiled cases, and 169 healthy controls were included in the study. The coil-treated patients outperformed the clip-treated patients on executive function (g = 0.17, 95% CI 0.08-0.25) and language tests (g = 0.23, 95% CI 0.07-0.39), and all patients were impaired relative to healthy controls (g ranged from -0.93 to -0.29). Coiled patients outperformed clipped patients to a greater degree in more recent publications, over longer posttreatment testing delays, and among older patients. Higher rates of posterior circulation and MCA aneurysms were associated with smaller group differences, while ACoA rupture rates did not influence effect sizes. CONCLUSIONS Coiling of SAH may promote superior neuropsychological functioning under certain circumstances and could have applications for the specialized care of SAH patients.
treatment for ruptured aneurysms, although endovascular coiling is becoming more common since its introduction in the 1990s. 19 This is based largely on the International Subarachnoid Aneurysm Trial, 21 which revealed that those treated via the endovascular approach have a somewhat lower risk of death and dependency at 1 year versus 2 months posttreatment (a relative risk reduction of 24%).
A caveat to the treatment outcome data is that neuropsychological evaluation has not usually been a primary end point in clinical trials. An important question is whether cognitive outcomes differ after the 2 treatment approaches. In an attempt to answer this question, we performed a meta-analysis of published studies that evaluated the neuropsychological test performance of SAH patients after surgical clipping or endovascular coiling. Test performance was also compared with that of healthy controls where applicable, and the relationships between effect sizes and publication year, the delay between treatment and neuropsychological testing, mean patient age, and ruptured aneurysm location were modeled using meta-regressions.
Methods

Literature Search
We searched the MEDLINE, Embase, and PsycINFO databases for studies that compared neuropsychological functioning after either endovascular coiling or surgical clipping for SAH. The keywords, along with appropriate medical subject heading (MeSH) terms, used were "subarachnoid hemorrhage," "endovascular coil," "coil," "surgical clip," "aneurysm clip," "clip," "neuropsychological test," "neuropsychological assessment," and "cognitive." The search was restricted to clinical studies published in the English language up to March 3, 2016 , performed in adults, and including separate neuropsychological test data for both coiled and clipped patients. Reference lists in the included studies were searched, and the authors of inaccessible papers were contacted in an attempt to obtain them. Case studies, reviews, and conference abstracts were excluded. The methods and findings of this systematic review followed Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 20 
Data Synthesis and Analyses
The meta-analyses and meta-regressions were performed using Comprehensive Meta-Analysis (version 2.0). 4 Sample sizes, means, and standard deviations of test scores and demographic and clinical variables were extracted from the included studies. Hedge's g and 95% confidence intervals were calculated using random effects models. Significance was set at p = 0.05. Neuropsychological tests were grouped into 8 domains: executive functions (Digit Span backward and forward/backward combination, semantic fluency [total words at 15 The relations between effect sizes and publication year, delay between treatment and neuropsychological testing, mean age of patients, and rates of posterior circulation, anterior communicating artery (ACoA), and middle cerebral artery (MCA) ruptures were explored using linear meta-regression models. Study quality was assessed using the Newcastle-Ottawa Scale. 31 Publication bias was assessed using Egger's regression test, 8 Duval and Tweedie's trim and fill, 7 and visual inspection of the funnel plot.
Hypotheses
Given the literature, we hypothesized that coiled patients would, for the most part, outperform clipped patients on neuropsychological tests and that all patients would perform worse than healthy controls. Given the mixed trend for greater improvements in coiling versus clipping efficacy over the last decade and a half, we hypothesized that publication year would modestly influence effect sizes (larger group differences in more recent studies 5 ). Provided some evidence for more efficacious outcomes after coiling versus clipping in older patients, we expected age to be related to greater effect sizes. 5 Lastly, because of the purported influence of rupture location on treatment outcome, we examined the influence of posterior circulation, ACoA, and MCA ruptures on effect sizes. Considering the somewhat superior outcomes for coiled versus clipped posterior circulation ruptures, 14 we expected higher rates of posterior circulation ruptures to be associated with larger effect sizes. Conversely, because of the relative difficulty in coiling MCA aneurysms, 24 we predicted that higher rates of MCA rupture would be associated with smaller effect sizes. Because ACoA ruptures were ubiquitous in the included studies, the effect of treatment modality was examined. However, given the lack of angioanatomical contraindications for either treatment, ACoA rupture rates were not predicted to influence effect sizes.
Results
Literature Search
The results of the literature search are depicted in Fig.  1 . The initial search yielded 108 articles, from which 27 duplicates were removed. Of the 81 abstracts reviewed, 62 were excluded for failing to meet our inclusion criteria. After fully reviewing the remaining 19 studies, 6 were excluded for not reporting treatment group comparisons of neuropsychological tests, 26 ,27,32 not including both clipped and coiled patients, 1 or only providing pretreatment neuropsychological test data. 30 Thirteen studies were included in our systematic review, all cohort desig ns. 3, 6, 9, [11] [12] [13] [16] [17] [18] 22, 23, 25, 29 The mean study quality score (Newcastle-Ottawa Scale) was 5, but because of the variability in study designs there was no common total score (totals were either 7 or 8); thus, comparison between studies was not possible. The individual scores are listed in Table 1 .
Sample Characteristics
The meta-analysis included 396 clipped patients, 314 coiled patients, and 169 healthy controls (Tables 1 and  2 ). The mean age among the clipped patients was 49.3 ± 10.0, 49.7 ± 11.0 among the coiled patients, and 52.6 ± 10.9 among the healthy controls. Most of the patients had good clinical grades (for example, World Federation of Neurosurgical Societies [WFNS] Grades I-II). Aneurysm ruptures were distributed across the cerebrovascular system, though the majority were located in the anterior circulation, and some studies only reported on stroke patients with ACoA ruptures. 
Analysis of Follow-Up Testing
Two studies compared patients at follow-up sessions.
12, 16 Frazer et al. tested patients 6 months posttreatment, and Koivisto et al. tested patients at 3 and 12 months after treatment. In an analysis of the medium follow-up sessions (the 6-and 3-month intervals in Frazer et al. and Koivisto et al., respectively), clipped patients scored higher than the coiled patients on tests of executive function (g = -0.22, 95% CI -0.43 to -0.01) and visuospatial functions (g = -0.66, 95% CI -1.24 to -0.07), small and medium effects, respectively. Clipped patients almost significantly outperformed the coiled patients on intelligence measures (g = -0.52, 95% CI -1.07 to 0.02). No significant differences emerged on tests of attention/processing speed (g = -0.06, 95% CI -0.29 to 0.17), language (g = -0.19, 95% CI -0.67 to 0.29), verbal memory (g = 0.11, 95% CI -0.17 to 0.39), or visual memory (g = -0.08, 95% CI -0.39 to 0.24). No significant performance differences were maintained at the 12-month follow-up in the Koivisto study. It is noteworthy that the superior performance of clipped patients on almost all tests was unique to Frazer et al.; although other studies have found some differences favoring clipped patients, those in Frazer et al. performed better on almost all fronts, significantly or not. Since only 2 studies were included in the medium follow-up analysis, the discordant results are probably attributable to the influence of the Frazer study.
Coiled and Clipped Patients Versus Controls
Patients treated with either treatment modality fared almost universally worse than the healthy controls (Figs.  3 and 4) . Specifically, a worse performance emerged on measures of attention/processing speed (coiled: g = -0.29, 95% CI -0.53 to -0.05; clipped: g = -0.60, 95% CI -0.87 to -0.33), executive function (coiled: g = -0.49, 95% CI -0.61 to -0.38; clipped: g = -0.74, 95% CI -0.86 to -0.62), intelligence (coiled: g = -0.43, 95% CI -0.81 to -0.04; clipped: g = -0.93, 95% CI -1.33 to -0.53), language (coiled: g = -0.40, 95% CI -0.71 to -0.09; clipped: g = -0.52, 95% CI -0.92 to -0.12), verbal memory (coiled: g = -0.55, 95% CI -0.88 to -0.23; clipped: g = -0.53, 95% CI -0.92 to -0.14), and visual memory (coiled: g = -0.81, 95% CI -1.15 to -0.46; clipped: g = -0.85, 95% CI -1.20 to -0.51). No differences emerged on spatial memory (coiled: g = -0.34, 95% CI -0.72 to 0.04; clipped: g = -0.23, 95% CI -0.61 to 0.14) or visuospatial functions (coiled: g = 0.02, 95% CI -0.84 to 0.88; clipped: g = -0.05, 95% CI -0.87 to 0.76). In general, the effects were medium and, in some cases, large, with greater deficits observed for clipped patients.
Publication, Study Design, Demographic, and Clinical Variables
The publication year, delay between treatment and neuropsychological testing, mean patient age, and rupture location data were entered into meta-regressions to model their relationships to test performance outcomes. Publication year was found to be a significant predictor of effect sizes (b = 0.015, 95% CI 0.0017-0.028, p < 0.05), accounting for 9% of the variance. Specifically, effect sizes (that is, performance differences) were somewhat greater in later versus earlier publications. Similarly, the testing delay also significantly predicted effect sizes (b = 0.0059, 95% CI 0.0007-0.011, p < 0.05, R 2 = 0.04), which modestly increased with greater test delays. Mean patient age emerged as one of the greatest predictors (b = 0.049, 95% CI 0.032-0.066, p < 0.05), accounting for 48% of the variance. Evidently, test score differences between treatment groups were greater when the mean patient age was older. In terms of rupture location, higher rates of posterior circulation ruptures predicted smaller effect sizes across all domains (b = -2.23, 95% CI -3.61 to 0.86, p < 0.05, 
Discussion
Endovascular coiling has become a common method for repairing ruptured aneurysms. 19 Functional outcomes after coiling are often reported to be more favorable than those after the surgical approach, depending on aneurysm NA = not applicable; NOS = Newcastle-Ottawa Scale. * Three testing sessions with increasingly larger samples and consequently different sample characteristics were included in this study: first session at discharge, second session 3 months posttreatment, and third session at 12 months posttreatment. † Only the combined age of clipped and coiled patients was provided in this study.
size and location, although cognitive functioning is rarely taken into account. In this review we quantitatively summarized the literature comparing neuropsychological functioning after endovascular coiling and surgical clipping of SAH. Our hypothesis that coiled patients would outperform clipped patients was only partially supported; neuropsychological test performance did not differ between treatment approaches for the most part, with differences centering on executive function and language tests. It is possible that because executive function and language tests engage complex, higher-order cognitive functions, they are more sensitive to the damage incurred by aneurysm rupture and perhaps during treatment. As the coiling pro- cedure is less invasive than clipping, the recovery period tends to be shorter and can also influence test performance. Another factor to consider is the heterogeneity of executive function tests; given the relatively small number of studies available for inclusion in our study, subdomains within executive function could not be formed. Therefore, the multiple types of tests (for example, inhibition, working memory, set shifting) in the executive function domain remained, even though performance on these tests can be affected to varying degrees. Two studies 12, 16 provided some information on the time course of cognitive changes; both tested patients approximately 10 days after treatment and conducted subsequent assessments at 6 months 12 and at 3 and 12 months 16 later. Both patient groups demonstrated minor improvement in a few domains in the months following treatment (although Koivisto and colleagues 16 did not report the statistics). When comparing treatment groups on the medium-length follow-up sessions (3 16 and 6 12 months), clipped patients outperformed the coiled patients on the executive function and visuospatial domains, and almost significantly so on the intelligence domain. No group differences emerged at the 12-month follow-up. It is possible that clipping is associated with favorable neuropsychological performance in the early stages of recovery (that is, within 6 months posttreatment). This difference may eventually disappear and subsequently switch to a favorable performance in the coiled patients after a year (the majority of studies tested 12 months or longer posttreatment and found better performance in coiled vs clipped patients). This proposition is supported in part by the meta-regression for the testing delay (see below). However, it is important to note that the surgical patients in Frazer et al. 12 had greater premorbid intelligence scores, as estimated by the National Adult Reading Test (clipped 103.45 vs coiled 90.33). Therefore, the unique findings of Frazer and colleagues may have been influenced by the preexisting group differences in intelligence that could skew their data at follow-up testing.
Beyond some unique neuropsychological differences between treatment approaches, the 2 patient groups were impaired on a wide range of cognitive tests relative to controls, as predicted. Deficits were most pronounced on visual memory for both groups and on intelligence measures for clipped patients. Medium to large effect sizes emerged on all domains except spatial memory and visuospatial functions. In general, clipped patients performed worse than coiled patients, in comparison with controls. The largest differences were in the executive function (g =   FIG. 4 . Forest plot of Hedge's g (95% CI), comparing neuropsychological test performance between coiled patients and healthy controls.
FIG. 3.
Forest plot of Hedge's g (95% CI), comparing neuropsychological test performance between clipped patients and healthy controls.
-0.74 clipped vs -0.49 coiled) and intelligence domains (g = -0.93 clipped vs -0.43 coiled). Thus, treatment does not appear to return neuropsychological functioning to preexisting levels among SAH survivors. However, it is difficult to substantiate this claim because pretreatment data were only provided by Vieira and colleagues. 29 In that study, patients were tested 1-2 weeks after aneurysm rupture and again approximately 2 weeks after treatment. Though the neuropsychological functioning of coiled patients did not change with treatment, the performance of clipped patients deteriorated on multiple language and memory measures.
The results of the meta-regressions were mostly congruent with the hypotheses. Effect sizes increased modestly over the span of approximately 15 years during which the included studies were published. In other words, coiled patients scored better on neuropsychological tests in more recent years. This trend can probably be attributed, in part, to improvements in the endovascular method. Since coiling is relatively new, it is not surprising to see an improvement in functional outcome as a consequence of advances in the procedure. In contrast, clipping has been performed since the late 1930s, and the rate of advances in this procedure has slowed. Of note, the study publication year accounted for only 9% of the variance in group performance differences, suggesting that the influence of this variable is small. Surprisingly, the testing delay was weakly (though still significantly) predictive of effect size, accounting for only 4% of the variance. The difference between groups (favoring coiled patients) increased as the interval between treatment and testing grew, a finding that could be interpreted in multiple ways. First, coiled patients may improve at a faster rate than clipped patients-at least in terms of neuropsychological functioning. Second, the weak relationship could simply be attributed to a ceiling effect; most studies tested patients more than a year after treatment, at which point patients may have reached or approached maximum recovery. Consequently, group differences may have been minimized. With that said, patients in either treatment group still performed worse than healthy controls, even in studies with the longest testing delays (approximately 21-28 months posttreatment). 3, 17 Mean patient age emerged as a strong predictor of effect sizes, accounting for 48% of the variance. It appears that functional outcomes-from a neuropsychological perspective-appear to favor endovascular treatment in older patients. As with the above argument, it is possible that the less invasive nature of coiling is less taxing and more conducive to recovery.
Congruent with the hypothesis, higher rates of MCA ruptures were, in some domains, associated with smaller group differences. In particular, smaller effect sizes emerged in the language and executive function domains from studies with higher MCA rupture rates, indicative of a more similar performance between clipped and coiled groups. Given the angioanatomical features of MCA aneurysms (for example, small dome/neck ratios and arterial branches) that can prove more difficult for endovascular treatment, this finding is not surprising. Interestingly, the opposite pattern emerged on intelligence measures, with effect sizes increasing with MCA ruptures. A possible explanation for this finding is that because intelligence indices are amalgamations of a variety of cognitive processes, deficits in certain functions may be rescued by equal or superior performance from other functions that were unaffected. The predictions regarding posterior circulation rupture rates were not confirmed; effect sizes across the amalgamated domains, and specifically within the intelligence domain, decreased as posterior rupture rates increased (indicating smaller differences in group performance). This finding must be interpreted with caution. The included studies had low rates of posterior circulation ruptures, ranging from 0% to 11%, and this limited range may have hindered the predictive power of the regression model. Anterior communicating artery rupture rates were not predictive of effect sizes in any domain. This finding was consistent with the hypothesis given the lack of angioanatomical contraindications for either clipping or coiling ACoA ruptures.
Study Limitations
A caveat to our findings is the typical clinical grade distributions of patients upon recruitment into the studies. A majority of patients in almost all studies had a good neurological status on admission, as indicated by a WFNS or Hunt and Hess (HH) Grade I or II. The one exception was the group of patients described by Proust and colleagues, who had a higher proportion of HH Grade III-IV cases (36% clipped and 43% coiled). 23 Undoubtedly, a major reason for excluding patients with worse clinical grades is a logistical one, as individuals with poor functional capabilities may be unable or unwilling to complete a demanding neuropsychological battery. Nevertheless, the results are biased by the overrepresentation of "ideal" SAH patients; test performance differences may be limited when primarily cases with good functional presentations are compared, although fewer such cases are available after neurosurgery.
A caveat specific to the rupture location analysis is the degree of group homogeneity. Studies with higher rates of a certain rupture location may have a sample that is more similar and, consequently, also has smaller group variability. This can increase the likelihood of detecting group differences.
Several general limitations exist in the field, a major one being the lack of premorbid assessments. This is not currently feasible in patients with unruptured intracranial aneurysms since the rupture rate is very low. In addition, most studies in the literature (and none of the included studies) do not randomize treatment methods for patients-the International Subarachnoid Aneurysm Trial being one of the few exceptions. Within the realm of stroke treatment, much of the nonrandomization can be attributed to angioanatomical contraindications to either coiling or clipping. However, nonrandom allocation may give rise to group differences that are difficult to control for-either through study design or statistically so-at both the individual study and meta-analysis levels. Finally, because the size of aneurysms can also influence the choice of treatment, 15 this factor would have been pertinent to our analyses. Unfortunately, not enough studies provided sufficient details to include aneurysm size as a variable.
Conclusions
Although the literature on neuropsychological functioning after SAH treatment is relatively sparse, some consistent trends are apparent. Performance on executive function and language measures tends to be better after coiling than after clipping. Just as coiling procedures improved over the years, so did effect sizes, suggesting that the greater efficacy is also apparent in improved functional outcomes. Regardless of the treatment modality, all patients performed worse than healthy controls, and the neuropsychological impairments appear to be maintained over time. Moreover, clipped patients outperformed coiled patients, a difference that disappeared and switched to a favorable performance with coiling after a year; however, this finding should be interpreted with caution given the small analysis and unique sample characteristics. Patient age was a significant predictor of effect size, indicating that coiling may be a better alternative for older patients, at least in terms of neuropsychological outcomes. Lastly, rupture location may have some effect on test performance. Thus, although the neuropsychological impairments of clipped patients were not universally observed, they occurred frequently enough to warrant consideration, in conjunction with the generally favorable functional outcomes of endovascular coiling (compare with Li et al. 19 ), when deciding on treatment approaches.
Elucidation would further inform the care of patients with unruptured intracranial aneurysms, as knowledge of the potential neuropsychological impacts of rupture (in addition to other variables related to the risk of rupture itself) could affect the decision to provide prophylactic treatment to obviate SAH and its sequelae. Lastly, additional studies of neuropsychological performance in SAH patients, especially the time course of these deficits, could better inform posttreatment rehabilitation approaches to remedy neuropsychological deficits and, ultimately, to improve quality of life for these patients.
